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Task-space Control of Articulated Mobile Robots
with a Soft Gripper for Operations
Motoyasu Tanaka, Member, IEEE, Kenjiro Tadakuma, Member, IEEE, Mizuki Nakajima, and Masahiro Fujita
Abstract—A task-space method is presented for the control of
a head-raising articulated mobile robot, allowing the trajectory
tracking of a tip of a gripper located on the head of the robot
in various operations; e.g., picking up an object and rotating a
valve. If the robot cannot continue moving because it reaches a
joint angle limit, the robot moves away from the joint limit and
changes posture by switching the allocation of lifted/grounded
wheels. An articulated mobile robot with a gripper that can grasp
objects using jamming transition was developed, and experiments
were conducted to demonstrate the effectiveness of the proposed
controller in operations.
Index Terms—Articulated mobile robot, task-space control,
mobile manipulation, redundancy, jamming transition
I. INTRODUCTION
ARTICULATED mobile robots have many segments con-nected by joints. The segments provide a powered mech-
anism for propulsion. Such a robot can climb and move around
an obstacle, and can propel themselves along narrow paths and
change their body posture to follow the terrain. On this basis,
many articulated mobile robots have been developed to move
inside a pipe [1]–[5], to carry out search and rescue tasks at
disaster sites [6]–[13], and to carry out inspection tasks inside
nuclear reactors [14], [15].
It is difﬁcult to control an articulated mobile robot because it
has many actuators in its joints and propulsion mechanism. A
major control method for the articulated mobile robot is shift
control [1], [3], [4], [11], [16]–[18]. According to the method,
the robot shifts motion from its head to tail. Terrain-following
control using torque sensors based on the method have been
proposed [17], [18]. Shift control is useful because three-
dimensional motion can be generated by simple operation.
However, the method is unsuitable for precise positioning of
the robot because the motion depends strongly on the operator
technique. Another method is called n-trailer and uses a model
derived assuming that wheels and crawlers do not skid [7],
[19]–[21]. If there is no modeling error as wheels skid, a
robot can control the position and attitude of its head using
the method but the environment is limited to a ﬂat surface.
Control methods have been individually proposed for different
terrains other than ﬂat terrain; e.g., stairs [8], [12], [22] and the
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inside and outside of pipes traversed by a snake robot without
a propulsion mechanism [23]–[26].
When investigating or inspecting the inside of a building
and plant, a robot needs to not only move but also perform
operations, such as opening a door and rotating a valve [27],
[28]. However, there have been few studies on operations such
as grasping and manipulation by articulated mobile robots. The
KR-II robot is connected by rotational joints and prismatic
joints, with prismatic joints moving in the height direction
[15]. A method of controlling the position and attitude of
the tip of a gripper on KR-II with a manipulator having few
degrees of freedom at the top has been proposed [29], [30];
KR-II realized the mailing of a letter and mobile manipulation
using the method. The method allowed the tip of the gripper
to be controlled despite the few degrees of freedom of the
manipulator by assigning the mechanical degree of freedom
of the mechanism for steering to the manipulator. The KR-
II robot can also climb stairs and move across rough terrain
and can be used for operations in nuclear power plants. KR-II
has a small lateral width but is large in the height direction,
and can perform works with the mounting of a long arm that
accesses high positions.
In contrast, a robot needs to be of low height to enter a
narrow space. The ACM-R4 series [16]–[18] and T2 Snake-
3 [22], which are serially connected by rotational joints, can
enter such a space because they are of relatively low height.
In addition, because the robots can climb a high step by lifting
their head along the riser of a step, they perform well in
both entering a narrow space and climbing an obstacle. The
controlled object in this paper is an articulated mobile robot
connected by only rotational joints [16]–[18], [22].
When performing operations such as picking up an object,
opening a door, and opening a valve, a robot needs an end
effector for gripping and manipulating an object. Mounting a
manipulator as a separate mechanism between the end effector
and the robot for the grasping and manipulation of objects
increases the size of the robot. In contrast, the articulated
mobile robot can use part of its body like a manipulator by
lifting several links from the end. It is thus possible to reduce
the size and mass of a robot using the part normally used for
“locomotion” for “operation” as needed [29], [30]. In the case
of performing operations by lifting the end of the robot, it is
necessary to control the position and attitude of the end portion
on which an end effector, such as a gripper, is mounted; i.e.,
control using the task space.
Many control methods of the position and attitude of the
head have been proposed for a snake robot having a similar
articulated structure. A snake robot has many links serially
JOURNAL OF XXX, VOL. YY, NO. Z, JAN 2018 2
connected by active joints and all mounted wheels are passive.
Models that assume wheels do not skid have been used for
control on a ﬂat plane. Control based on kinematics [31],
control based on dynamics [32], and control for the application
tasks of cooperative transportation [33] and cutting [34] have
been proposed. For three-dimensional space, a method of
climbing steps by virtually constraining the head on a two-
dimensional plane that is parallel to the ground has been pro-
posed [35], [36]. For a ﬂat environment, the three-dimensional
trajectory tracking control of the position and attitude of the
head has been proposed [37]–[40] with raising of the head but
the control cannot be applied to an articulated mobile robot
that has active wheels. In the case of the snake robot without
wheels, a planning method of raising the head while avoiding
falls considering a support polygon [41] has been proposed.
This paper presents a task-space control method for an
articulated mobile robot equipped with a gripper at the head, to
raise the head and allow the tip of the gripper to track a target
trajectory. We use Omni-gripper [42], which is an example of
a soft gripper, as a compact, lightweight, and multifunctional
gripper. A robot having this gripper can grasp an object using
not force control but position/velocity control. An articulated
mobile robot equipped with an Omni-gripper is developed,
and experiments using the proposed control method show
that operations involving reaching, grasping, and manipulation,
such as picking a small object, turning a valve, and opening
a door, can be realized.
The contributions of the paper are as follows.
• The proposed method allows the trajectory tracking of the
gripper using not only the raised part of the body but the
whole body of the robot. The robot can move forward or
backward by behaving like a mobile manipulator [43]. In
addition, if the robot cannot continue to move because a
joint angle reaches its limit, the proposed method allows
the robot to move away from the joint limit by employing
redundancy and switching the grounded/lifted wheels.
• An articulated mobile robot equipped with an Omni-
gripper is developed, and the robot realizes the operations
of picking up a small object, turning a valve, and opening
a door.
The remainder of the paper is organized as follows. Section
II describes the robot model and the gripper. Section III
proposes a task-space control method that allows the controlled
point to track a target trajectory. Section IV describes an articu-
lated mobile robot with an Omni-gripper and the customization
of the proposed control method to the actual robot. Section V
experimentally demonstrates the effectiveness of the proposed
control method for operations using the developed robot.
II. PROBLEM FORMULATION
A. Articulated Mobile Robot
We consider the articulated mobile robot shown in Fig. 1.
The robot has a rotational joint around the yaw axis and a
rotational joint around the pitch axis, which are connected in
series. A pair of wheels are coaxially placed with the pitch
joint, and a gripper is attached to the head of the robot. Each
wheel is either passive (rotating without actuators) or active
. . .
Wheel
: Pitch joint : Yaw joint
Tip of 
a gripper
1st yaw joint -th link2n
l l
1st link
2nd link -th yaw jointn
(a) Straight posture
Tip of 
a gripper
nh-th link
Head
part
Base part
1st yaw joint
1st pair of wheels
2nd pair of wheels
nb(    +1)-th pair of wheels
Flat plane
(b) Head raising posture
Fig. 1. Model of an articulated mobile robot.
(rotated by an actuator). Let θi be the i-th yaw joint angle and
ψi be the i-th pitch joint angle. The robot can raise its head
using the pitch joints. Figure 1(b) depicts the head raising
posture of the robot. Let us deﬁne the head part as being
constructed from the head to the nh-th link and the base part
as being from the (nh + 1)-th link to the tail end, and we
assume that the compositions of the head and base parts do
not change. Let φh = [θ1, ψ1, · · · , θnh
2
, ψnh
2
]T ∈ Rnh×1 and
φb = [θnh
2 +1
, · · · , θn]T ∈ Rnb×1 be the joint angles of the
head and base parts, respectively. The number of yaw angles
in the base part nb is nb = n − nh2 . Let nw be the total
number of active wheels on the base part and ρi be the rotation
angle of the i-th active wheel on the base part, and we set
ρ = [ρ1, · · · , ρnw ]T ∈ Rnw×1. Active wheels of the head part
are ignored.
The environment corresponds to xy plane in the inertial
coordinate system O − xyz. The robot is teleoperated and
the operator provides the steering command while viewing
the robot visually or using camera images. The head of
the robot is equipped with a gripper, and we let w =
[xE , yE , zE , αE , βE , γE ]
T be the position and attitude of the
tip of the gripper, where αE , βE , γE are respectively the roll,
pitch, and yaw angles in the O − xyz coordinate system. We
deﬁne φ = [φTh ,φ
T
b ]
T and q = [wT ,φT ]T .
If all the pitch angles of the base part are zero, then all
the wheels of the base part are in contact with the ground.
If some of the pitch joints slightly rotate, the robot can lift
each wheel from the ground [21]. We assume that the motion
of pitch joints does not affect the position and attitude of the
robot’s head and links because we set the desired values of
pitch angles of the base part to be small and the dynamic
effect of the motion of pitch joints to be weak [21]. We let
ψb = [ψnh
2 +1
, · · · , ψn−1]T ∈ R(nb−1)×1 be the pitch angle
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of the base part, and assume that they are only used to switch
between lifting/grounding of the wheel. From [37], to control
six degrees of freedom of the robot’s head, the robot has to
satisfy the inequality
nh ≥ 4. (1)
B. Soft Gripper
Soft grippers have a passively deformable part that grasps
objects without damaging them. Basically, such grippers have
a bag-shaped structure without ﬁngers (e.g., [44]) or ﬁngers
with soft joints [45]. From the viewpoint of a lightweight
gripper for mobile robots, we chose the former type of gripper
without ﬁngers. The structure can grasp an object even if there
is some positional error. In general, position and force control
is necessary to grasp and manipulate an object. However, if
the robot uses a soft gripper, it can grasp and manipulate
an object without high-precision position control and force
control. We thus use the gripper and aim to realize operations
such as reaching, grasping, and manipulation by controlling
the position and velocity of the tip of the gripper.
III. TASK-SPACE CONTROL
Because an articulated mobile robot has many degrees of
freedom, it is difﬁcult and impractical for the operator to
directly design the motion of each joint. We thus control the
robot in a task space with w as the controlled variable, to
change the position and attitude of the gripper w.
A. Model
We assume that each wheel does not skid. If all wheels are
passive and all wheels of the base part touch the ground, the
kinematic model is obtained as [37], [38]
Aa(q)w˙ = Ba(q)φ˙, (2)
where Aa ∈ R(nb+4)×6, Ba ∈ R(nb+4)×(nh+nb), the i-th row
(1 ≤ i ≤ nb + 1) is the velocity constraint that the i-th pair
of wheels of the base part do not slide sideways, and the j-th
row (nb + 2 ≤ j ≤ nb + 4) is the velocity constraint that the
base part appropriately makes contact with the ground.
The velocity constraint due to rotation of the active wheel
is obtained as [21]
Ab(q)w˙ = Bb(q)u, (3)
where u = [φ˙
T
, ρ˙T ]T , Ab ∈ Rnw×6, Bb ∈ Rnw×(nh+nb+nw)
and the i-th row of the equation is the velocity constraint
related to the rotation of the i-th active wheel.
According to (2) and (3), if all wheels of the base part
are in contact with the ground, the velocity constraints of the
articulated mobile robot are
A(q)w˙ = B(q)u, (4)
A =
[
Aa
Ab
]
∈ R(nb+nw+4)×6, (5)
B =
[
Ba 0
Bb
]
∈ R(nb+nw+4)×(nh+nb+nw). (6)
…
Joint input
Mode 1
Mode 2
…
Robot
…
Switching
mode 
Controller
Operator
Target
Fixing 
or Switching
Fig. 2. Task-space control diagram for the articulated mobile robot.
Next, the lifting wheel that does not touch the ground
is introduced to the model. Because the model is different
depending on the grounded/ungrounded status of each wheel,
we allocate a unique integer σ, called the mode, to represent
the overall status of the wheels. If the n′1, · · · , n′n¯σ -th pairs of
wheels (a total of n¯σ pairs) and n′′1 , · · · , n′′n˜σ -th active wheels
(a total of n˜σ active wheels) do not touch the ground in mode
σ, the velocity constraints are
Aσw˙ = Bσu, (7)
Aσ =
[
Aaσ
Abσ
]
∈ R(nb−n¯σ+nw−n˜σ+4)×6,
Bσ =
[
Baσ 0
Bbσ
]
∈ R(nb−n¯σ+nw−n˜σ+4)×(nh+nb+nw), (8)
where Aaσ ∈ R(nb−n¯σ+4)×6, Baσ ∈ R(nb−n¯σ+4)×(nh+nb),
Abσ ∈ R(nw−n˜σ)×6), Bbσ ∈ R(nw−n˜σ)×(nh+nb+nw), and
Aaσ andBaσ are the matrices whose n′1, · · · , n′n¯σ -th row vec-
tors are eliminated from the matricesAa andBa, respectively.
Abσ and Bbσ are the matrices whose n′′1 , · · · , n′′n˜σ -th row
vectors are eliminated from the matrices Ab and Bb, respec-
tively. System (7) has kinematic redundancy and the number
of redundant degrees of freedom (i.e., the difference between
the number of rows and the number of columns of Bσ) is
nh+n¯σ+n˜σ−4. In this paper, we add shape controllable points
(SCPs) to the controlled variable as a representation of a subset
of the kinematic redundancy [37]. We introduce the m joint
angles φ˜ ∈ Rm×1 into the set of controlled variables, where
φ˜ = Sφ and S ∈ Rm×(nh+nb) is the selection matrix whose
elements are 0 or 1. Let w˜ = [wT , φ˜
T
]T be the controlled
variable including the SCP, and ∆T be the switching period
for the mode. The kinematic model of the robot with switching
modes is represented as
A˜σ(t) ˙˜w = B˜σ(t)u, (9)
σ(t) = σ(tk), (tk ≤ t < tk+1)
where σ ∈ {1, 2, · · · , Nm}, Nm is the number of modes, tk =
k∆T (k = 0, 1, · · · ) is the switching time of the mode,
A˜σ=
[
Aσ 0
0 Im
]
∈ R(nb−n¯σ+nw−n˜σ+4+m)×(6+m), (10)
B˜σ=
[
Bσ
S 0
]
∈ R(nb−n¯σ+nw−n˜σ+4+m)×(nh+nb+nw). (11)
In (9), the m redundant degrees of freedom are represented
as the SCPs, and the remaining redundant degrees of freedom
are represented as the null space of B˜σ . This paper uses (9)
as the kinematic model of the robot.
JOURNAL OF XXX, VOL. YY, NO. Z, JAN 2018 4
B. Joint Input
As shown in Fig. 2, joint input is prepared for each mode,
and the robot is controlled by switching the input. Switching
the mode σ is also performed by the controller. The operator
provides the target of the controlled variable. Details of
the switching and the relationship between the operator and
controlled variable are explained in the next section.
Controllers with switching modes for a snake robot have
been proposed in [46]–[48]. Using a controller, the head of
the robot tracks the desired trajectory while various subtasks
are performed; e.g., the avoidance of a movable obstacle [46],
whole-body collision avoidance [47], and approximate path-
tracking for all joints [48]. The controller has been applied
for an articulated mobile robot with active wheels in [21]. In
such controllers, the kinematic redundancy is represented as
null space of the joint input. In [49], we proposed a switching
controller where the kinematic redundancy is represented as
both the SCPs and null space and realized posture control
while maintaining the head position and orientation and avoid-
ing joint limits and self-collision. However, these works deal
with only the two-dimensional motion of a robot’s head. In
this paper, the controller with switching modes is applied for
operations of an articulated mobile robot that raises its head.
In the controller, the subset of redundancy is represented as
the SCP in the head part and is used to reduce the joint load.
The remaining degree of redundancy and switching modes are
used for joint limit avoidance.
u is designed as
u = uσ + uσker, (12)
uσ = B˜
W†
σ A˜σ
{
˙˜wd −K(w˜ − w˜d)
}
, (13)
uσker = −kη(I − B˜W†σ B˜σ)η, (14)
where B˜
W†
σ = W
−1B˜
T
σ (B˜σW
−1B˜
T
σ )
−1 is a weighted
pseudo inverse matrix of B˜σ [50], W is a positive deﬁnite
diagonal matrix representing a weight, w˜d is a target vector
of w˜, K > 0 is a gain related to the trajectory tracking of the
controlled variable, kη > 0 is a gain related to the redundancy,
and η ∈ R(nh+nb+nw)×1 is an arbitrary vector. The elements
of u are joint angular velocities and wheel angular velocities.
If we use a non-weighted pseudo inverse matrix (W = I),
the ﬁrst term on the right side of (12) uσ is the least-squares
solution of |u|. In this case, the joint velocity is oscillatory
because the angular velocity of the wheel becomes dominant
at the input norm depending on the condition of the link
length and the wheel radius. We therefore use a weighted
pseudo inverse matrix so that the joint angular velocity is not
oscillatory.
By substituting (12) into (9), the closed-loop system is
obtained as
A˜σ
{
˙˜w − ˙˜wd +K(w˜ − w˜d)
}
= 0. (15)
If A˜σ is of full column rank (i.e., if the robot is not a singular
conﬁguration), w˜ converges to w˜d at t → ∞. So that A˜σ is
of full column rank, the number of rows of A˜σ has to be no
smaller than the number of columns. Thus, the inequality
nb − n¯σ + nw − n˜σ ≥ 2 (16)
RouterJoystick (robot) Onboard control PC
Head
camera
Tail
camera
Laptop for
operation
Robot
Ethernet
Edison board
Edison board
Wi-Fi
USB
USB
Omni-GripperJoystick (gripper)
Bluetooth
mbed board
Fig. 3. Experimental system of the robot and gripper.
has to be satisﬁed from (10).
uσker in (12) is a vector depending on the redundancy, and
can be used to contribute to achieving sub control objectives
(subtasks) without affecting the trajectory tracking of the
controlled variable. Let V be the cost function and η be
designed as
η =
[
∂V
∂ϕ1
, · · · , ∂V
∂ϕnh+nb+nw
]T
, (17)
where ϕ = [φT ,ρT ]T ∈ R(nh+nb+nw)×1 and ϕi is the i-th
element of ϕ. The time derivation of V is calculated as
dV
dt
=
∂V
∂w
w˙ +
∂V
∂ϕ
u
=
∂V
∂w
w˙ + ηTuσ − kηηT (I − B˜W†σ B˜σ)η. (18)
The third term on the right side of (18) contributes to a
decrease in V because it is semi-negative deﬁnite. It is
therefore possible to converge the controlled variable to the
target value while achieving the subtask using input (12) and
appropriately determining V .
For subsea operations, the underwater swimming manip-
ulator with thrusters has been presented [51]. Although the
controlled robots are different, this paper and [51] are similar
in terms of the motivation and manipulation methodology used
to achieve both the desired motion of the end-effector and
secondary tasks (e.g., joint limit avoidance) using kinematic
redundancy. Additionally, the control method in [51] has
realized the underwater motion of the underwater swimming
manipulator by introducing a dynamic controller and thruster
allocations. In contrast, the robot in this paper has nonholo-
nomic constraints due to grounded wheels, and the motion of
the robot is restricted by the constraints. The control method
proposed in this paper can remove the motion restriction by
switching modes and allows the robot to move away from the
joint limit.
IV. EXPERIMENTAL SETUP
Figure 3 depicts the experimental system. An operator uses
two joysticks to send the command to the robot and the pump
of the gripper.
A. Articulated Mobile Robot
Figure 4 shows the developed articulated mobile robot,
which is an improved version of the robot in [22], and Table I
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TABLE I
PARAMETERS OF THE T2 Snake-3 WITH THE OMNI-GRIPPER.
Number of modules n 9
Link length l [mm] 90.5
Module length L [mm] 181
Total size (H × W × L) [mm] 175×175×1729
Wheel radius r [mm] 50
Joint angle range (Pitch) [deg.] |ψi| ≤ 113
Joint angle range (Yaw) [deg.] |θi| ≤ 65
Total mass [kg] 10
Battery life [min.] about 80
gives the parameters. The performance limits of the robot with-
out the gripper have been demonstrated in [22]. The Omni-
gripper and the pump unit for the gripper are respectively
equipped at the head and tail of the robot. For a pair of
wheels, the wheel on one side is the active wheel and the other
wheel is the passive wheel as shown in Fig. 4(b). A ROBOTIS
Dynamixel MX-106R and MX-28AR are respectively used for
the joint and wheel. Cameras for obtaining images are installed
at the head and tail. Batteries are installed for each passive
wheel, and the robot can be remotely controlled wirelessly.
The robot in [22] has batteries in the head and tail, but
it is necessary to reduce the weights of the head and tail
because the head and tail need to carry the gripper and pump,
respectively. We thus increase the lengths between the wheels
of the ﬁrst, third, and ﬁfth pairs on the base part as shown in
Fig. 4(b), and batteries are relocated from the head and tail to
the generated spaces.
In addition, two rotational joints for the gripper are equipped
on the head as shown in Figs. 4(e) and 4(f), and the robot can
store the gripper as shown in Fig. 4(e) and rotate the gripper
as shown in Fig. 4(f) using the joints. By storing the gripper
as shown in Fig. 4(e), the robot can climb stairs (Fig. 5(a))
and pass obstacles (Figs. 5(b) and 5(c)) [22].
B. Omni-gripper
Figure 4 shows the Omni-gripper [42], which is an example
of a soft gripper. The speciﬁcations of the gripper are an
outside diameter of 50 mm, length (including the thickness
of the cap) of 90 mm, membrane thickness of 7.4 mm, ﬁlling
amount of powder of 20 g, and weight of 87 g. Thus, even
if the gripper is mounted at the head, the robot can lift its
head high. The gripper has a powder layer ﬁlled with coffee
powder. The gripper is usually soft, but by transitioning the
powder layer to a vacuum, there is a jamming transition and
the gripper hardens. The robot pushes the gripper in a soft state
against the object, and the gripper wraps around the object.
The gripper can then grasp the object by entering a hardened
state as shown in Fig. 4(c). The powder layer is transitioned to
a vacuum using the pump unit on the tail as shown in Fig. 4(d).
C. Control Strategy for Actual Experiments
The designed target angle and angular velocity were sent to
a Dynamixel actuator. The operator uses a joystick to change
the target velocity of the controlled variable w˙d, and wd is
calculated by numerical integration of w˙d. The target value of
(a)
Active wheel
Passive wheel
Yaw joint
Pitch joint
Active wheel
Passive wheel
Yaw joint
Active wheel
Passive wheel
(b)
Omni-gripper
(c)
Pump unit
(d)
(e) (f)
Fig. 4. Articulated mobile robot T2 Snake-3 with the Omni-gripper: (a) whole
body, (b) enlarged view of the body, (c) Omni-gripper grasping a valve handle,
(d) pump unit for the gripper on the tail, (e) head with a stored gripper, (f)
head with a gripper in operation.
the SCP φ˜d is set constant, and we set
˙˜
φd = 0. The onboard
control personal computer receives the joint angle of the robot,
calculates the joint input velocity using (12), and sends the
target angle and target angular velocity for each actuator.
1) Estimation of the Controlled Variable: In an environ-
ment without an external measuring device, the estimated
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(a) (b) (c)
Fig. 5. Motion examples of T2 Snake-3 with the Omni-gripper: (a) semiau-
tonomous stair climbing, (b) climbing a desk, (c) climbing two pipes arranged
vertically.
position and attitude of the controlled point are calculated
using the joint angle of the head part because the head position
and attitude cannot be measured. In this case, assuming that
the base part makes proper contact with the plane, zE , αE , and
βE can be calculated. xE and yE are calculated by integrating
the target velocity.
2) Feedforward Control: The robot has a large load on the
pitch joint when it lifts its head and a steady error occurs
for the pitch joint angle of the head part because the servo
stiffness of the actuator is not sufﬁcient with respect to the
magnitude of the load. If a steady error occurs for the pitch
joint angle of the head part, a steady error also occurs for the
estimated position and attitude of the controlled point zE , αE ,
βE , which are calculated using the joint of the head part. When
control is performed using the current joint angle information
of the robot, control commands are given to the wheels and the
joints so as to compensate for the steady error occurring for
the position and attitude of the controlled point. The error of
the pitch joint of the head part under high load is a steady error
and the angle does not follow the target value forever, but the
wheel continues to rotate. As a result, even when the operator’s
command is not given, minute translational movement due to
rotation of the wheels continued and made the robot difﬁcult to
steer. We thus control the robot by perfect feedforward control
based on the target angular velocity given by the operator. The
joint angle of the robot is estimated by integrating the target
angular velocity, and the actual joint angle of the robot is
not used at all in the calculation of the joint input. The joint
input u is calculated by substituting the estimated value of
the controlled variable and w˙d into (12). The target velocity
and the target angle calculated using the numerical integral
are then output to the robot. Because the servo stiffness of the
joint of the base part is sufﬁcient, the angle almost matches
the target value. In contrast, although there are steady errors
in the joint angle of the head part, there is no difﬁculty in
steering because the wheels stop rotating when the operator’s
command is not given.
3) Shape Controllable Point: A large load is applied to
the nh-th joint because it is a joint between the head part
and base part. We thus let the nh-th joint be the SCP and
deﬁne φ˜ = ψnh
2
, and allow the robot to directly control the
nh-th joint. The target value of ψnh
2
, which is an element of
the controlled variable, is designed by considering the load
torque of the nh-th joint. By reducing the distance on the xy
plane between the head of the robot and the nh-th joint, the
load torque can be kept small. In experiments, we set nh = 6
and the target value ψnh
2 d
of the ψnh
2
is set to 110 degrees,
which is the neighborhood of the joint angle limit as shown
in Fig. 4(a).
4) Cost Function: It is more difﬁcult for an articulated
mobile robot with active wheels to enter a singular conﬁg-
uration than a snake robot for which all wheels are passive
[52]. We do not consider the singularity avoidance because
the robot in the paper has many active wheels and it was
experimentally conﬁrmed that the robot does not enter a
singular conﬁguration.
The limit angle of the yaw joint of the developed robot is 65
degrees. Then, if the base part of the robot moves backward,
the yaw joint frequently reaches the angle limit and the robot
cannot continue operation. We thus design the cost function
V as
V = φTKV φ, (19)
where KV ≥ 0 is a diagonal matrix. The robot reduces each
joint angle by decreasing the value in (19), and accomplishes
joint limit avoidance.
5) Mode Switching: By switching modes, the allocation
of grounded/ungrounded wheels is changed and the space
of redundancy changes with the mode. The robot can select
the mode considering the effect on the cost function. Thus,
the articulated mobile robot effectively accomplishes both
trajectory tracking and the subtask (e.g., avoiding a movable
obstacle [21]). In contrast, when the robot raises its head as
in this paper, mode switching has detrimental effects, such as
introducing vibration and position error to the head motion. In
this paper, the robot has two states related to the switching of
modes. One is the ﬁxing state while the other is the switching
state. In the ﬁxing state, the robot ﬁxes the mode and does not
switch mode to suppress the head error. The robot is usually in
the ﬁxing state and can change state under the command of the
operator as shown in Fig.2. The switching state is used when
the joint of the robot reaches the angle limit and the robot does
not continue to move, and mode switching is then performed
and the joint angle is reduced until the robot becomes operable.
In [21], the robot selects the optimal mode for the subtask
when switching mode but the calculation cost is high. In the
present paper, the robot heuristically changes mode according
to a prescripted order to reduce the calculation cost. We use
the mode numbers as in Table II and set the mode number
of the ﬁxing state as σ = 1. In the switching state, mode
numbers 2 to 6 are used and mode switching is repeated as
σ = 2, 3, · · · , 6, 2, 3, · · · . The robot attempts a straight posture
in order from the tail to the head of the base part, and it is
expected that the robot will recover from the state where the
joint angle reaches the limit.
The robot has the following features related to lifted wheels.
• The more adjacent the lifted wheels are, the larger the
motion of the lifted part is during joint limit avoidance.
• The more lifted wheels there are, the more readily the
robot falls as a result of a lack of grounded wheels.
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TABLE II
MODE AND WHEEL STATUS
Mode num. Wheel num. (L: lifted, G: grounded)
σ 1 2 3 4 5 6 7
1 G G L G G L G
2 G G G G G L L
3 G G G G L L G
4 G G G L L G G
5 G G L L G G G
6 G L L G G G G
(a) Initial posture
(b) Changing xh (c) Changing yh (d) Changing zh
(e) Changing αh (f) Changing βh (g) Changing γh
Fig. 6. Initial and terminal postures in experiments on relative position
accuracy.
• If there is no lifted wheel, the robot does not have
kinematic redundancy.
• The robot cannot simultaneously lift three adjacent
wheels and the wheel of the head of the base part because
of a lack of torque.
We thus select modes 2–6 in which only two wheels are lifted
as shown in Table II.
6) Number of Lifted Links: nh must satisfy (1). If the robot
lifts many links and uses them as the head part, the range
of motion of the head part increases. Thus, if there is no
upper limit of joint torque, it is better to lift as many links as
possible. However, if there are few links in the base part, the
robot readily falls. In this way, there is a trade-off relationship
between the number of links of the head part and the static
stability.
We set nh = 6 because it is the maximum number
depending on the maximum joint torque. It then seems that
the robot does not readily fall because the base part has twice
as many links as the head part.
V. EXPERIMENT
A. Relative Position Accuracy
The position accuracy of the proposed control method was
veriﬁed. Because the gripper is ﬂexible, its tip position varies
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(a) Using the estimated value of wh.
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(b) Using wh measured by the motion capture system.
Fig. 7. wh in the case of changing βh. The red dotted line is the target value
while the blue line is the actual measurement.
depending on its weight and the condition of the internal
powder. An experiment was thus performed by modifying the
model and the control input with the position and attitude
of the robot’s head wh = [xh, yh, zh, αh, βh, γh]T as the
controlled point instead of the tip of the gripper. The initial
posture of the base part was straight and we set φ = [0,
−0.8, 0, −1.1, 0, 1.9, 0, · · · , 0]T as the initial values of
the joint angles. Each element of the target value of wh
was independently varied. The position and attitude of the
head were measured with a motion capture system (OptiTrack,
NaturalPoint, Inc.). The initial and terminal postures are shown
in Fig. 6, and an example of the result obtained when changing
βh is shown in Fig. 7(a).
There was steady error in zh and βh as shown in Fig. 7(a).
It seems that this error is due to the heaviness of the head part
and insufﬁcient servo stiffness and mechanical stiffness.
We calculate the terminal value of wh by averaging wh
at te + 4 ≤ t ≤ te + 5, where t = te is the time at
which the change in the target value of wh is complete.
The target value begins to change at t = 1 and we also
calculate the initial value by averaging wh at 0 ≤ t ≤ 1.
Let ∆wh = [∆xh, ∆yh, ∆zh, ∆αh, ∆βh, ∆γh]T be the
relative displacement between the initial value and terminal
value of wh. Experiments were performed ﬁve times for each
motion, and the relative displacement of the position and
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TABLE III
EXPERIMENTAL RESULTS OF RELATIVE DISPLACEMENT
∆xh ∆yh ∆zh ∆αh ∆βh ∆γh
[m] [m] [m] [rad] [rad] [rad]
Target value 0.20 0 0 0 0 0
Exp. (Mean) 0.20 0.0052 0.0024 0.0092 -0.0047 -0.012
Exp. (SD) 0.0025 0.0015 0.00082 0.0061 0.015 0.0059
Error 1.0% – – – – –
Target value 0 0.1 0 0 0 0
Exp. (Mean) -0.069 0.066 0.014 -0.055 -0.055 -0.075
Exp. (SD) 0.0036 0.0033 0.00071 0.0053 0.0047 0.0039
Error – 34% – – – –
Target value 0 0 -0.1 0 0 0
Exp. (Mean) -0.011 0.0040 -0.10 0.013 -0.013 0.0075
Exp. (SD) 0.0017 0.00081 0.00090 0.0042 0.0050 0.0033
Error – – 1.5% – – –
Target value 0 0 0 pi/2 0 0
Exp. (Mean) -0.054 -0.035 0.030 1.54 -0.060 -0.063
Exp. (SD) 0.0042 0.0018 0.0011 0.014 0.0051 0.0037
Error – – – 1.9% – –
Target value 0 0 0 0 -pi/6 0
Exp. (Mean) 0.00062 0.0015 0.0061 0.019 -0.55 -0.0060
Exp. (SD) 0.0013 0.0011 0.00094 0.0061 0.0063 0.0047
Error – – – – 6.0% –
Target value 0 0 0 0 0 pi/4
Exp. (Mean) -0.018 0.00032 0.027 0.050 -0.12 0.79
Exp. (SD) 0.0020 0.0016 0.00057 0.0073 0.0070 0.0084
Error – – – – – 0.4%
attitude was compared with the target relative displacement.
Table III gives the results. The error was calculated using
the target relative displacement and the average value of the
relative displacement in ﬁve experiments. The errors in ∆xh,
∆yh, ∆zh, ∆αh, ∆βh, and ∆γh were 1.0, 34, 1.5, 1.9, 6.0,
and 0.4%, respectively.
The error in the motion that changes yh was large while the
errors in the other motions were small. We consider the error
in the motion that changes yh. In the motion, it was observed
that the active wheel at the head of the base part slipped during
operation. As a result, it seems that the error occurred because
the head moved not only in the y direction but also in the −x
direction.
Although the model of the control method is derived assum-
ing that the wheels do not skid, the wheels do indeed slip and
there is error for the controlled point. If the robot is remotely
controlled, the operator needs to compensate for the error by
operating a joystick.
Fig. 7(b) shows the result obtained using not the estimate
value but wh measured by the motion capture system when
calculating the joint input (12) in the case of changing βh.
It was conﬁrmed that wh converged to the desired value
when using the actual value of the controlled variable, even
if there was modeling error, such as that relating to the
skidding of wheels and insufﬁcient stiffness of the motor. If
the position and orientation can be measured or estimated with
high accuracy (e.g., employing simultaneous localization and
mapping), the controlled variable converges to the target value
as given by (15).
t = 0 [s]
t = 10 [s]
t = 20 [s]
t = 30 [s]
t = 40 [s]
t = 50 [s]
Fig. 8. Motion of the robot in the case of switching σ.
B. Joint Limit Avoidance
When the base part has a zigzag form and the joint angles
of the base part reach their limit at t = 0 in Fig. 8, the robot
can hardly move the controlled point. The robot thus needs to
return to a posture that allows it to better move the controlled
point. Experiments on joint limit avoidance were performed
using mode switching described in section IV-C5. We set∆t =
1, ﬁxed the mode at t < 2 (i.e., the ﬁxing state), switched the
mode at t ≥ 2 (i.e., the switching state), and set the diagonal
elements of KV as (15, 0.015, 15, 0.015, 15, 0.015, 9.6, 4.8,
2.4, 1.2, 0.6, 0.3). In KV , the element corresponding to the
yaw angle in the head part is larger than that of the pitch
angle because the angle range of the yaw joint is smaller than
that of the pitch joint. We designed KV such that the element
corresponding to the base part doubled in value in order from
the tail to the head of the base part, to prioritize the joint limit
avoidance for the angle of the forward joint.
Figures 9 and 10 show the results. The cost function
decreased V with time. Although the angle of the base part
θ4, · · · , θ9 was in the neighborhood of the joint angle limit (1.1
rad), the angle decreased with time. It is seen that the posture
of the robot improved in order from the tail to the head by
mode switching. Figure 9 shows that the position error and
attitude error were about 30 mm and 0.1 rad, respectively.
As mentioned above, although there was some error in the
position and attitude of the controlled point, it was conﬁrmed
that the joint limit was avoided and the robot returned from
an inoperative posture.
C. Contact Force
The contact force of the robot’s head was measured.
Figure 11 shows the measurement system. We used a
PFS055YA251U6 (Leptrino Co. Ltd) force sensor. The robot
pushed the plate and the force sensor measured the contact
force. We measured the maximum contact forces fx, fy , fz
along x, y, −z directions ﬁve times each by controlling the
position of the head. In experiments, the posture of the robot
was straight or L-shaped. Tables IV and V give the results
obtained by setting the posture as shown in Fig. 12(a) and
12(b), respectively.
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Fig. 9. wh, σ, and V in the case switching σ. In the graph of V , the red
dotted line is calculated from the target value while the blue line is calculated
from the actual measurement of the robot.
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Fig. 10. φ in the case switching σ. The red dotted line is the target value
while the blue line is the actual measurement, and the black dot-and-dash line
is the joint angle limit.
The results show that the force is strong in the case of
the initial posture where the force exerted by wheels of the
base part is efﬁciently transmitted to the head. If the posture
is straight and zh is small as for posture (iii), fx is largest.
In contrast, fx is small when zh is large, yh is large, or
the direction of the contact force does not correspond to the
direction of the wheels on the base part. These results show
that the base part has a strong effect on the contact force. Thus,
Force sensor Head
xf
Plate
zf
Fig. 11. Measurement system of the contact force.
(i)
(ii)
(iii)
(iv)
(v)
(vi)
(a) Changing zh
(ii)
(v)
(vii)
(ix)
(viii)
(x)
(b) Changing yh
Fig. 12. Initial posture of the robot in the case of measuring contact force.
if the robot has to generate a strong contact force, the robot
should change posture such that the force exerted by wheels
is efﬁciently transmitted to the contact point.
The propulsion force exerted by the wheels of the base part
does not affect fz . In fact, even when changing the posture of
the base part, fz is almost the same. Thus, similar to the case
for the manipulator, if the robot changes posture as the head
part efﬁciently generates fz , the robot can generate large fz .
D. Application Experiments
Using the proposed control method and the developed robot
with the gripper, operations requiring reaching, grasping, and
manipulation were carried out as application experiments. The
operator issued commands to the robot and gripper by joystick
while viewing the robot visually. The controlled point of the
control input was the tip of the gripper.
1) Picking Up an Object: The robot requires reaching and
grasping functionalities to pick up an object on the ground.
The robot pushed the gripper in a soft state against the object
while reaching for the object, and the gripper then hardened
and grasped the object. The robot was able to pick up a T-joint
pipe on the ground as shown in Fig. 13.
2) Rotating a Valve: Reaching, grasping, and manipulation
are required to rotate a valve. Video [53] showing the robot
rotating a gate valve. The robot ﬁrst pushed the gripper in a
soft state against the valve so that the center of the gripper
aligned with the center of the valve. The gripper grasped the
handle of the valve by hardening, and the robot rotated the
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TABLE IV
CONTACT FORCES (yh = 0, CHANGING zh)
fx[N] fy[N] fz[N]
Posture zh[m] Base part Mean±SD Mean±SD Mean±SD
(i) 0.40 Straight 16.9±0.3 5.71±0.22 15.7±0.3
(ii) 0.35 Straight 24.0±1.1 8.60±0.20 12.1±0.1
(iii) 0.30 Straight 30.4±1.7 9.72±0.33 10.1±0.2
(iv) 0.40 L-shape 14.9±0.3 5.41±0.36 15.5±0.2
(v) 0.35 L-shape 21.4±0.5 7.1±0.5 11.3±0.2
(vi) 0.30 L-shape 26.3±1.1 9.94±0.35 10.3±0.2
TABLE V
CONTACT FORCES (zh = 0.35, CHANGING yh)
fx[N] fy[N] fz[N]
Posture yh [m] Base part Mean±SD Mean±SD Mean±SD
(ii) 0.0 Straight 24.0±1.1 8.60±0.20 12.1±0.1
(vii) 0.1 Straight 20.4±0.4 11.1±0.5 13.2±0.2
(viii) 0.2 Straight 15.0±0.5 10.1±0.9 15.5±0.3
(v) 0.0 L-shape 21.4±0.5 7.12±0.48 11.3±0.2
(ix) 0.1 L-shape 19.2±1.1 12.7±0.6 13.5±0.4
(x) 0.2 L-shape 13.5±0.5 14.9±1.1 16.1±0.2
valve by rotating the joint located at the base of the gripper.
In this way, the operator completed the task without sending
a complex command to the robot.
3) Opening a Door with a Knob: Figure 14 shows the
robot opening a door on which a small knob is attached.
In this case, mobile manipulation is needed after the robot
grasps the knob. The robot grasped the knob, and the robot
succeeded in opening the door under the operator’s appropriate
command. The operator provided a command for the yaw
angle of the controlled point so that the gripper was always
perpendicular to the door. Figure 14(d) and (f) shows that the
joint reached the limit angle and the robot could not move
backward. However, the robot changed posture as shown in
Fig. 14(e) and (g) while maintaining the position and attitude
of the controlled point employing mode switching, and the
robot was able to resume moving backward.
E. Discussion
When an articulated mobile robot lifts its head, there is
likely error in the head positioning because the head part is
a cantilever structure. In contrast, the Omni-gripper is robust
against positioning error. The robot and gripper have a com-
plementary relationship in that one complements the other’s
defect; this is an integrated example with good compatibility.
In the case of rotating a valve reported in the present study,
although there was a mismatch between the rotational axis of
the handle of the valve and the rotational axis of the joint
attached on the base of the gripper, the task was completed
through only rotation of the joint attached on the base of the
gripper after the gripper grasped the handle. This is because
the position error and deﬂection, which are caused by the low
stiffness of the position control of the servo motor of the joint
on the head part, were large. This indicates that the robot
adapts passively by deﬂection of the joint to some extent even
if there is error in the axis of rotation of the motion.
T-joint pipe
1 2 3
Fig. 13. Picking up a T-joint pipe. 1: Reaching, 2: Grasping, 3: After picking
up.
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
Joint limit
Joint limit
Fig. 14. Opening a door with a knob: (a) initial posture, (b) the gripper
grasping the handle, (c) and (h) opening the door, (d) and (f) joint reaching
its limit, (e) and (g) after the switching of modes for joint limit avoidance.
In contrast, when the gripper makes contact with an object,
there is positioning error of the gripper in the positive direction
of the z axis because the deﬂection of the robot is eliminated.
The operator then needs to provide a command to correct the
position.
The robot cannot rotate a valve with a diameter that cannot
be wrapped with the gripper because the gripper cannot grasp
such a valve. Additionally, it is impossible to rotate a valve
that requires torque exceeding the maximum gripping torque
of the gripper.
Using the cost function (19), the base part adopts a straight
conﬁguration as in Fig. 8. The straight conﬁguration is weak
in terms of resisting a torque applied around the longitudinal
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Fig. 15. Support polygon and PG of the robot (top view).
t = 0[s]
t = 40[s]
t = 80[s]
t=120[s]
Fig. 16. Motion of the robot obtained using the modiﬁed cost function (20).
axis of the body. However, the robot hardly falls because the
load is concentrated on the base part and the body posture
is often extended in an effort to avoid joint limits, and the
present paper does not consider fall avoidance. The falling of
the robot can be prevented by considering the support polygon
[41], [54] and introducing the distance between the center of
gravity and the support polygon into the cost function. The
robot is statically stable when the projective point PG of the
robot’s center of gravity in the environment is contained within
the support polygon of the grounded wheels. For example, we
set the cost function V as
V = a1φ
TKV φ+ a2
1
||d||2 , (20)
where a1 > 0 and a2 > 0 are weight constants, d =
[d1, d2, · · · ] and di is the distance from PG to the i-th side of
the support polygon. Figure 15 shows the support polygon and
di. Figure 16 shows the experimental results obtained using
the modiﬁed cost function (20), where the initial posture is
the same as that in Fig. 8. In this case, the robot did not adopt
a straight posture and the area of the support polygon was
greater than that in the case of Fig. 8. Note that the support
polygon changes greatly depending on the mode switching. It
is thus better that the robot uses not heuristic mode switching
as used in this paper but switching optimized by predictive
calculation as in [21].
If the robot exerts a strong force on the object in an
operation, it is necessary to introduce the zero-moment point
considering not only the center of gravity but also the reaction
force of the object. The optimal posture of the robot in terms
of avoiding falls thus depends on the reaction force. It is future
work to design the optimal posture for maximizing the contact
force while avoiding falls.
Although the operator conducted experiments while observ-
ing the robot and the surroundings visually, it is necessary to
operate the robot in a real environment using only the camera
image. It is a future task to add a camera to obtain images
suitable for operations.
VI. CONCLUSION
This paper proposed a task-space control method for an
articulated mobile robot equipped with a gripper at the head
of the robot. When the robot cannot continue moving because
the joint angle reaches its limit, the method allows the robot
to move away from the joint limit using redundancy and
by switching modes. An articulated mobile robot with the
Omni-gripper was developed, and experiments on joint limit
avoidance and for veriﬁcation of the positioning accuracy were
carried out. In addition, picking up an object, opening a valve,
and opening a small door with a knob were accomplished as
applications.
In future work, we aim to use the developed robot for plant
patrol inspection as a practical use, improve the mobility and
operational performance, and improve the hardware durability
of the robot.
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